Abstract: Data-cable systems are essential for an evolving Square Kilometre Array (SKA) phasedarray demonstrator project. Loss, dispersion and channel coupling are the characteristics of interest. We evaluate a Category 7 (CAT-7) cable system, which incorporates a 20 m CAT-7 cable, balun transformers, and ARJ45 connectors. Measurements from 30 MHz -1.5 GHz are made using a calibrated Vector Network Analyzer (VNA). Through, Reflect, Line (TRL) as well as Short, Open, matched Load, Through (SOLT) calibration techniques were performed, which separately test the cables and the entire system performance respectively. A further measurement isolates the baluns. The connectors and baluns are mounted on customised printed circuit boards. We investigated phase dispersion, return loss, attenuation, near-end crosstalk (NEXT) and far-end crosstalk (FEXT). The best system was found to have a linear phase response in the 30 MHz to 1.4 GHz band, with NEXT and FEXT levels below -50 dB and -63 dB respectively. Such performance makes this cable class a candidate for high-volume data streams anticipated for the SKA.
INTRODUCTION
The Square Kilometre Array (SKA) [1] is the next generation of radio telescope aiming to attain one million square metres of effective collecting area in a frequency range of 0.1-25 GHz. It will have large instantaneous fields-of-view and two orders of magnitude greater sensitivity than the current telescopes. Although the technology definition continues to evolve, the SKA's system design proposes the use of phased aperture array technology as the primary collector type for the frequencies below 1 GHz. The 12-15m dish antennas will be used for the higher frequencies. Many analogue links will be used to connect these collector systems to an electromagnetically screened station processing area (bunker), which mitigates self-induced radio frequency interference (RFI).
Two signal transmission technologies have been proposed [2] . Optical fibre could be used as the high frequency link from the dishes. Category 7 (CAT-7) networking cables, which use ARJ45 connectors, could transfer the mid and low-frequency data from the aperture array elements to the processing nodes in the bunker. The CAT-7 cable shown in Fig. 1 , designed to support the 10 Gb/s Ethernet applications, has a metal braided shield over four twisted pairs, which are individually screened with metallic foil. This two-tier screening configuration is used to minimize crosstalk in the cable thus reducing RFI coupling and/or leakage. These cables are used in conjunction with the ARJ45 connectors [2] (Fig. 2) and are designed to meet the CAT-7 performance specifications given by the IEC 11801 [3] cable standard and the IEC 60603-7-7 connector standard [4] .
The conductor pairs provide inherently balanced performance, reducing the cable's susceptibility to electromagnetic interference (EMI). The antennas and equipment connecting to the cables are coaxially-based, so balun transformers are needed between the ARJ45 and coaxial connectors. We refer to the CAT-7 cable, ARJ45 connector, and the baluns as the CAT-7 cable system. Due to the large number of connections anticipated in the SKA system, cost-effective solutions are critical, hence the interest in CAT-7. However, because of the SKA RF sensitivity, the cable system must maintain good analogue signal integrity, with bandwidth and nondispersive transmission being important. For full electromagnetic compatibility (EMC), attention must also be given to low emission and crosstalk. This paper presents the measured performance of two selected commercial CAT-7 cable systems. 
EXPERIMENTAL SETUP
The CAT-7 cable system we tested included 20 m CAT-7 cable lengths, ADTL2-18 balun transformers, and ARJ45 connectors. Two types of cables were made available which had solid and stranded cores respectively. Many independent measurements have been made on these cables and repeatable results have been achieved. We present our findings on a representative set of each only. The two cable types are identified as 1AB and 1AO, where the former has the solid core. Figure 3 shows the measurement and cable system setup.
As can be seen from Figure 3 , the VNA ports numbered N1 and N2 are connected to the reference ports i and ii through phase-stable semi-rigid coaxial cables. The latter ports are connected to the sub-miniature version A (SMA) connectors A-D, which will allow measurements for each individual pair of the four-pair cables. The wideband ADTL2-18 baluns are used to enable the network analyzer, which is a coaxial single-ended system, to measure the characteristics of the balanced pairs of the cables. These 50:100 baluns, B1-B4 in Figure 3 , are mounted on two identical printed circuit boards (PCB1 and PCB2). They are connected via short 100 striplines to the SMA connectors A-D and the ARJ45 connectors C1 and C2. The CAT-7 cable under test is connected between the connectors C1 and C2.
The VNA was switched on for an hour prior to calibration to ensure thermal stability and to reduce drift. All connectors were cleaned with n-butyl acetate, dried with compressed air, and tightened with a calibrated torque wrench.
CALIBRATION
To examine the CAT-7 cable system and the cables on their own, using the VNA, both SOLT and TRL calibration schemes were performed respectively. The transmission response, return loss, NEXT and FEXT are the performance metrics measured and are presented here in decibels. The transmission response is the attenuation in the cable system measured as an S mn parameter on the same cable pair near-end (port n) to far-end (port m). It is both length and frequency dependent and should meet the requirements (given as insertion loss, IL) derived by the following equation [3] for each pair in category 7 with two connections: (1) where k is the number of pairs being measured, L is the length of the cable in metres, and f is the frequency in MHz.
NEXT is a S mn coupled interference signal between adjacent cable pairs at the near-end of the transmitting source [5] . The maximum NEXT limit for each pair in category 7, as specified in [3] , is given by: (2) where the first part of (2) is the NEXT loss for the pairto-pair cable and the second part is that of the two connectors.
FEXT is the S mn coupled interference between one pair on the near-end and another pair on the far-end of the cable. Since FEXT measurement is attenuation dependent, and thus cable length dependent, this crosstalk is represented as Equal Level Far-End Crosstalk (ELFEXT) where the attenuation is removed. According to [3] , ELFEXT ik of pairs i and k is computed as: (3) where, i is the number of the disturbed pair, k is the number of the disturbing pair, FEXT ik is the far-end crosstalk loss coupled from pair i into pair k and IL k is the insertion loss of pair k. The ELFEXT of each pair combination in CAT 7 with two connections will meet the requirements derived by the following equation given in [3] :
The return loss is a measure of the reflection at the reference port caused by the impedance mismatches of the components in the cable system. This loss will, according to [3] Figure 3 : The VNA and cable system measurement setup with reference ports identified
SOLT calibration
An APC-3.5 calibration kit was used to perform a full two-port SOLT calibration whose reference plane was set at ports i and ii in Fig. 3 . This calibration was used to make measurements of the whole cable system (from SMA-SMA input connectors on the PCBs) by taking 201 equally spaced points from 45 MHz-1.5 GHz. We set the averaging factor to 128 and reduced the Intermediate Frequency (IF) bandwidth to 100 Hz so as to extend the dynamic range.
TRL calibration
The TRL calibration sets reference planes at the ARJ45 connectors C1 and C2 as shown in Fig. 3 . Through, Reflect and Line standards, which we constructed from lengths of the 1AO cable, were used. The Through and the Line standards were terminated with ARJ45 plugs at both ends whereas the Reflect was terminated with a plug on one end and left open on the other. The Through standard was 94.5 mm long and the Reflect was made to be half of this length. The two Line lengths were also made to be 519 mm and 68.5 mm longer than the Through length respectively. The first Line was defined for the lower frequency range (30-200 MHz) and the second line for the higher frequencies up to 1.5 GHz. The electrical lengths of these standards were determined using a SOLT procedure. Their time delay values were inserted into the definition of our custom TRL calibration kit. From this procedure, the performance of the CAT-7 cable alone was measured from 30 MHz-1.5 GHz, as the PCB connectors and the baluns are effectively calibrated out.
MEASURED RESULTS AND DISCUSSION
In the measurements that follow, the ISO/IEC 11801 [3] cable standard class F or F A limit lines are plotted for reference in some instances. The empirical formulas describing these lines, given in section 3 above, extend to 600 MHz (indicated as the class F consolidation point) and 1000 MHz (class F A , given only for channels). The interest here reaches to 1.5 GHz, which exceeds existing CAT-7 bandwidth specifications. The SKA systems will need to extract maximum performance in most applications.
SOLT Calibration for System Evaluation
Immediately after the SOLT calibration, the S 11 for the re-connected Through standard was better than -48.5 dB across the band. This gives an indication of the achievable dynamic range of subsequent reflection measurements. Evaluating S 21 with the Through standard connected showed little loss, being at most 0.03 dB at the highest frequencies. The transmission dynamic range was found to be better than -100 dB across most of the given frequency range, which is appropriate for our measurements.
Balun performance: The performance of the baluns alone was measured using baluns 1 and 2, which are the extra back-to-back connected baluns on PCB1 and PCB2 respectively. Fig. 4 shows the S 11 for both baluns which is higher than -10 dB for frequencies between 260-600
. PCB connectors and the baluns are effectively calibrated out.
MEASURED RESULTS AND DISCUSSION
SOLT Calibration for System Evaluation
MHz in this configuration. This performance improves if there is a reasonable length of cable between the baluns. The reflection responses are similar since the baluns are of the same type (ADTL2-18). Cable system performance: The SOLT calibration takes the reference plane to the SMA connectors on boards PCB1 and PCB2. These entire system measurements incorporate the cable properties along with the SMA connectors, balanced striplines, baluns and ARJ45 plugs. Figure 6 shows the SOLT S 11 cable system response with the two 20 m cables. The equivalent IEC 11801 Class F standard for terminated cables, and the short Through cable (94.5 mm long) response, are included for comparison. The 1AO cable system has a return loss better than 10 dB in its operational band. Both the 1AO and the short Through are better than 15 dB between 700-1200 MHz. This specific 700-1200 MHz response is not seen during the TRL cable measurements, and is attributed to the components on the PCB. The following connections show increasing S 11 improvement in the order presented.
• balun-balun;
• SMA connectors, board, short cable (TRL's Through standard), to board, SMA connectors; • SMA connectors, board, long cable, to board, SMA connectors;
This indicates that the balun is best loaded by a cable of some length which presents a better matched 100 load. The 1AO cable clearly has the better in-band S 11 response.
Figure 6: SOLT measured S 11 for the cable systems 1AO and 1AB with Class F standard and short THROUGH connection for comparison. Figure 7 shows the transmission response for the two cable systems with Class F cable limit lines for both solid and stranded cores. It can be seen that the cable system 1AB (solid-core) is bandwidth limited due to the sharp resonance at 900 MHz whereas cable system 1AO (stranded-core) has a higher limit at 1.4 GHz. The 1AO stranded cable system both meets its S 21 standard and extends beyond the expected bandwidth. Cable manufacturers put a specific number of twists per unit distance into each cable pair. The twist ratios are different for each pair to minimize constructive coupling. However, there is a periodicity about the twist sequence which leads to resonances. This, in principle, could be optimized to obtain the widest operational bandwidth. Cable system performance: The SOLT calibration takes the reference plane to the SMA connectors on boards PCB1 and PCB2. These entire system measurements incorporate the cable properties along with the SMA connectors, balanced striplines, baluns and ARJ45 plugs. Figure 6 shows the SOLT S 11 cable system response with the two 20 m cables. The equivalent IEC 11801 Class F standard for terminated cables, and the short Through cable (94.5 mm long) response, are included for comparison. The 1AO cable system has a return loss better than 10 dB in its operational band. Both the 1AO and the short Through are better than 15 dB between 700-1200 MHz. This specific 700-1200 MHz response is not seen during the TRL cable measurements, and is attributed to the components on the PCB. The following connections show increasing S 11 improvement in the order presented. cannot be compared to a standard as none is available, but it is of importance for SKA digital signal transport, where in-band dispersion would be unacceptable. The NEXT measurements were taken for the cable system 1AO and the results are given in Fig. 9 . The NEXT, from the orange pair to the other three pairs, is at most -55 dB. In-band, this only occurs around 1 GHz, well beyond the Class F specification. We also measured the cable system 1AB NEXT and found it to be much closer to the Class F limit, but do not present the result here.
Figure 9: SOLT measured NEXT measurements for the cable system 1AO along with equivalent Class F limit.
The FEXT measurements for the 1A0 cable system are given in Fig. 10 . The far-end cross coupling is better than -60 dB for cable 1AO across the given frequency range. The 1AB cable system FEXT was additionally tested and performs best here, being lower than -65 dB in its band, although in every other respect its performance does not match that of the 1AO system. These results are significantly better than the Class F requirements in the frequency range up to 600 MHz.
Figure 10: SOLT measured FEXT for the cable system 1AO along with equivalent Class F limit.
TRL calibration for cable evaluation
As discussed in section 3.2, it is possible to isolate the behaviour of the cables on its own through the TRL procedures. After performing the TRL calibration, the Sparameters for the Through standard were observed to determine the system's dynamic range available. The S 11 was much better than -10 dB and the S 21 was close to 0 dB until 1.3 GHz where resonance is seen. This is attributed to the limitation of the second line used for calibration since it was made from the 1AO cable. The transmission dynamic range was found to be better than -95 dB at lower frequencies and -70 dB at higher frequencies and any measurements above this noise floor are considered to be valid.
The cables' S 11 responses, given in Fig. 11 , show that cable 1AO has a lower reflection at frequencies below 1.2 GHz compared to cable 1AB. The high S 11 at around 900 MHz for cable 1AB manifests in Fig. 12 as a substantial transmission loss, confirming the limit of these cables. Cable 1AO has a transmission frequency limit of 1.4 GHz as shown from S 21 in Fig. 12 . These results are similar to those obtained for the SOLT calibration in Fig. 7 . The attenuation is less than 20 dB up to 1.4 GHz for strandedcore 1AO cable. The NEXT measurements were taken for the cable system 1AO and the results are given in Fig. 9 . The NEXT, from the orange pair to the other three pairs, is at most -55 dB. In-band, this only occurs around 1 GHz, well beyond the Class F specification. We also measured the cable system 1AB NEXT and found it to be much closer to the Class F limit, but do not present the result here. The FEXT measurements for the 1A0 cable system are given in Fig. 10 . The far-end cross coupling is better than -60 dB for cable 1AO across the given frequency range. The 1AB cable system FEXT was additionally tested and performs best here, being lower than -65 dB in its band, although in every other respect its performance does not match that of the 1AO system. These results are significantly better than the Class F requirements in the frequency range up to 600 MHz. 1AO along with equivalent Class F limit.
The cables' S 11 responses, given in Fig. 11 , show that cable 1AO has a lower reflection at frequencies below 1.2 GHz compared to cable 1AB. The high S 11 at around 900 MHz for cable 1AB manifests in Fig. 12 as a substantial transmission loss, confirming the limit of these cables. Cable 1AO has a transmission frequency limit of 1.4 GHz as shown from S 21 in Fig. 12 . These results are similar to those obtained for the SOLT calibration in Fig. 7 . The attenuation is less than 20 dB up to 1.4 GHz for strandedcore 1AO cable. The NEXT for cable 1AO is less than -60 dB below 0.6 GHz, easily meeting the specified limit for the Class F. Equivalent results were obtained for cable 1AB. These results also compare well with those obtained using the SOLT scheme implying that the other PCB components of the cable system do not significantly contribute to the amount of crosstalk. The FEXT for cable 1AO, given in Fig. 14, is less than -63 dB everywhere. Cable 1AB similarly showed lower levels. The SOLT technique yields comparable levels and these are well below the limits.
Discussion
The measured cable and the entire cable system performance have been presented. We gave more attention to the higher-performing 1AO cabling as it became clear that the 1AB system was band-limited to 900 MHz. The in-house TRL standards, using the identifiably better 1AO cable, produced a calibration scheme with sufficient dynamic range to test the cable characteristics to their operational limits. The line TRL standard lengths were originally chosen with a 1.5 GHz measurement bandwidth in mind. In the event, this range exceeded the frequency limit of the better cable class by a small margin.
CONCLUSION
The results for the CAT-7 system with the two cable types (solid-core and stranded-patch cables) have been evaluated using both SOLT and TRL calibrations. The performance of the baluns, and then the entire cable system, were examined with the SOLT calibration. The cables' performance alone was characterised using the TRL method.
The system performance is not significantly degraded by the inclusion of the SMA connectors, baluns, PCB tracks and ARJ45 jack. With respect to analogue signal integrity, the reflection and transmission results show that the solid-core cables work up to 0.9 GHz, and the stranded-patch cables up to 1.4 GHz. This is related to periodicity of twist ratios in cable pairs. Both cable types showed low-dispersion phase responses. The NEXT for cable 1AO is less than -60 dB below 0.6 GHz, easily meeting the specified limit for the Class F. Equivalent results were obtained for cable 1AB. These results also compare well with those obtained using the SOLT scheme implying that the other PCB components of the cable system do not significantly contribute to the amount of crosstalk. The FEXT for cable 1AO, given in Fig. 14, is less than -63 dB everywhere. Cable 1AB similarly showed lower levels. The SOLT technique yields comparable levels and these are well below the limits.
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The system performance is not significantly degraded by the inclusion of the SMA connectors, baluns, PCB tracks and ARJ45 jack. With respect to analogue signal integrity, the reflection and transmission results show that the solid-core cables work up to 0.9 GHz, and the stranded-patch cables up to 1.4 GHz. This is related to periodicity of twist ratios in cable pairs. Both cable types showed low-dispersion phase responses.
